Abstract: In this review, attention is focused on the use of group 3 metal complexes for the ring-opening polymerization (ROP) of lactide to give polylactides (PLAs). Synthesis of PLAs has been studied intensively due to their biocompatible and biodegradable properties and their potential applications in medical and agricultural fields. ROP of lactide, a cyclic diester of lactic acid, provides PLA. This review includes our recent research results and implications in developing new amino-bis(phenolate) group 3 initiators for the synthesis of polyesters.
INTRODUCTION
A variety of metal alkoxides have been used as initiators and catalysts for the ring-opening polymerization (ROP) of lactide (LA) [1] [2] [3] . However, examples of group 3 metal complexes for the synthesis of polylactides (PLAs) remain rare [3] . The first example of LA polymerization by Ln (Ln = lanthanides + group 3 metals) alkoxide complexes was reported by McLain and Drysdale in 1991 [4] , with a complex formulated as "Y(OCH 2 CH 2 NMe 2 ) 3 ", which was shown to polymerize LA in a rapid and controlled fashion [5] . Based on this report, several lanthanide systems were investigated for the ROP of LA [6] . Feijen then evaluated "yttrium isopropoxide" for the polymerization of L-LA [6a] . In fact, "yttrium isopropoxide" is a pentanuclear cluster with a central µ-oxo oxygen and bridging and terminal isopropoxide ligands, i.e., Y 5 (µ-O)(OiPr) 13 (1) [7] . Complex 1 exhibits high activity for the polymerization of L-LA in dichloromethane at room temperature. End-group analysis revealed that only PLAs terminated with isopropyl esters are formed, and kinetic measurements showed that the average number of active sites is 2.6. Thus, it was concluded that all isopropoxide groups initiate the polymerization in a living fashion [6a] . Polymerization of rac-LA using different lanthanide oxo alkoxide clusters Ln 5 (µ-O)(OiPr) 13 (Ln = Y, La, Sm, Yb) was also reported [6d] . All clusters were evaluated in the same conditions, and lanthanum oxo isopropoxide was found to be the most reactive initiator. However, significant transesterification reactions are generated with this compound. In the case of Y, Sm, and Yb initiators, narrow polydispersities (PDIs) are observed, even for high conversions. These initiators showed also some activity for the ROP of lactones such as β-butyrolactone and δ-valerolactone [6d]. In order to prevent aggregation phenomena, trivalent yttrium and lanthanum alkoxides "Ln(OR) 3 " (R = iPr, nBu) were prepared in situ by exchange reaction between bulky phenolates and isopropyl-or Using the same chiral Schiff-base ligand that enabled aluminum complexes to polymerize stereoselectively LA, Coates prepared yttrium alkoxide complex 11 (Fig. 4) [19] . This complex was shown to be dimeric in the solid state and revealed higher activity than the parent aluminum derivative for the polymerization of LA in toluene at 70 °C (100 equiv, 14 h with Y vs. 40 h with Al). However, unlike the analogous Al complex, complex 11 showed no stereoselectivity.
One important class of ligand which recently attracted much interest for the synthesis of singlesite complexes, is constituted by bis(phenolate) ligands. Okuda reported the synthesis of several rareearth complexes supported by dichalcogen-bridged bis(phenolate) ligands 12a-c and 13a-c for the polymerization of L-LA (Fig. 5) [8, 20] . These complexes have been prepared by simple ligand exchange from Ln[N(SiHMe 2 ) 2 ] 3 (THF) x , and were isolated as monomeric complexes. All these complexes showed activity for the controlled polymerization of L-LA at room temperature in THF. The ancillary ligand was demonstrated to have a strong beneficial effect, the corresponding precursors Ln[N(SiHMe 2 ) 2 ] 3 (THF) x being less active and showing lower control over the polymerization. In general, the less hindered the metal center, the higher the activity for ROP of L-LA. The best results have been obtained with the amido-lutetium complex 12b that features an ethylene backbone (300 equiv, few minutes). The resulting polymers exhibited relatively narrow PDIs (PDI ~ 1.2); however, no amide or alkoxide end-groups could be observed. Investigations on the kinetics and mechanism of the polymerization confirmed this assumption [20] . Indeed, 1 H NMR and MALDI/TOF/MS (matrix-assisted laser desorption ionization with time-of-flight mass spectrometry) analyses of the polymers obtained by ROP of L-LA with complexes 12b,c-13c suggested a coordination-insertion mechanism involving the amido ligand as the initiating group. However, the polymerization was shown not to be well controlled (PDI1 .8). On the contrary, when these complexes are reacted with an excess of isopropanol, the in situ gen- erated alkoxides were found to initiate very efficiently the living polymerization of L-LA, demonstrating the importance of the initiating group in the polymerization process.
Inspired by the work of Guillaume with metallocene borohydride complexes [21] , Mountford and coworkers recently used a diamino-bis(phenolate) ligand to prepare new lanthanide borohydride complexes 14 for the polymerization of rac-LA (Fig. 6) [22] . The X-ray structure of the lanthanum derivative revealed a dimeric species with bridging borohydrides. These complexes proved to be efficient initiators for the ROP of rac-LA. The best control was achieved by using the samarium derivative, while yttrium complex was found to favor heterotactic polymerization of rac-LA (P r = 87 %). The authors proposed a mechanism occurring via insertion of the monomer into the metal-borohydride bond by analogy with the results of Guillaume [21] . However, no experimental evidences were brought.
To summarize, several research groups took advantage of group 3 metal complexes which represent promising systems for the ROP of cyclic esters. Polymers of relatively high-molecular-weight and narrow PDIs are formed. Detrimental side-reactions such as macrocycle formation, transesterification, and racemization are often negligible. From our side, we decided about five years ago to investigate such type of complexes with the overall goal of optimizing the activities and the control of the polymerization.
Recently, Kol [23] reported the syntheses of different amino-bis(phenolate) group 4 metal complexes and demonstrated the high activities and living abilities of these complexes in α-olefin polymerization [24] . Contrary to their group 4 analogs, examples of group 3 metal complexes supported by amino-bis(phenolate) ligands are still rare [25] . For all these reasons, we anticipated that well-defined amino-bis(phenolate) group 3 metal complexes would be of interest in order to achieve stereocontrolled ROP of chiral cyclic esters.
RESULTS AND DISCUSSION
We synthesized amino-bis(phenolate) ligands H 2 L by a double Mannich condensation [26] of the corresponding substituted phenol, formaldehyde, and amino-ether, diamine, or methylamine in methanol (Scheme 1) and we obtained a series of amino-bis(phenol)s 15-22 by varying the nature of the orthosubstituent and side arm (Fig. 7) [27].
A. AMGOUNE et al. Lanthanide complexes are conveniently prepared by the amine or alkane elimination method; this reaction involves the protonolysis of two of the bulky amido or carbyl ligands in the homoleptic precursor by the relatively acidic amino-bis(phenol)s [28] . Group 3 precursors MR 3 (THF) 2 We first investigated the yttrium and lanthanum complexes 24-26 for the ROP of rac-LA (Scheme 3). Polymerization of rac-LA with yttrium complexes 24 and 25 proceeds rapidly at room temperature, equally in toluene and THF solvents in terms of activity. Complete conversions of the monomer to PLA are achieved within 1 h for monomer-to-yttrium ratios up to 500. Representative results are summarized in Table 1 . c M n and M w /M n of PLA determined by SEC-RI using polystyrene standards. d P r is the probability of racemic linkages between monomer units and is determined from the methine region of the homonuclear decoupled 1 H NMR spectrum.
A 1 H NMR monitoring for the polymerization of 100 equiv of rac-LA with 24 in THF at 0 °C indicated turnover frequencies up to 300 h -1 (26 % conversion after 5 min; 50 % after 10 min). As evidenced by the linear relationship between the monomer-to-metal ratio and number-average molecular masses (M n ) (Fig. 8) , a good control of polymerization is achieved with this system, even at a catalyst loading of 0.2 % that yielded M n as high as 87 000 g/mol. The experimental (uncorrected) M n values were only slightly higher (ca. 15-20 %) from the calculated values. This control of the polymerization, as well as a single type of reaction site, is also supported by the relatively low PDI, with M w /M n values ranging from 1.25 to 1.35 . These values are somewhat higher than those expected for a purely living polymerization (M w /M n < 1.1), and suggest that either transesterification takes place to a small extent and/or the initiation step is not very fast with respect to propagation, i.e., the k p /k i ratio is not ultimately favorable.
A. AMGOUNE et al. Furthermore, the homonuclear decoupled 1 H NMR spectrum of the methine region of the PLA samples derived from 24 and 25 in THF at room temperature is consistent with the formation of chains that are most predominantly heterotactic. The peaks are assigned to the appropriate tetrads in accordance with the correlations established in the literature [29, 30] . Both amido-and alkyl-yttrium complexes 24 and 25 lead to the same P r value, which is consistent with initiation of polymerization by the R (amido or alkyl) group and assistance of the [{ONOO}Ln] fragment on stereocontrol [31] . This hypothesis is supported by the results obtained with the La complex 26. Although 26 initiates the ROP of rac-LA with similar activity, control of molecular weights and PDIs to 24 and 25 (Table 1 , entry 8), the level of heterotacticity is significantly lower (P r = 0.64). We assume that this change may reflect the direct influence of the metal center, i.e., via its ionic radius, or its indirect influence on the overall conformation of the [{ONOO}Ln] fragment. The strong influence of the solvent on the level of stereoselectivity is also noteworthy, with a neat decrease (P r = 0.60) observed when the polymerization is carried out in toluene instead of THF.
Based on other reports that evidenced the influence of both the nature of the metal center and the ligand architecture on the stereocontrol of the polymerization [31] , these promising results prompted us to further study this system by investigating the effect of changes to the metal center and the substituents of the amino-bis(phenolate) ligand on the polymerization behavior. We evaluated all the prepared complexes to first observe the possible influence of the complex modifications on the activity. All amido and carbyl complexes 23-33 are active initiators for the controlled ROP of rac-LA under mild conditions. Representative polymerization data are summarized in Table 2 . Polymerization proceeds equally with all complexes at room temperature within 1 h; we observed complete conversion of rac-LA to PLA for monomer-to-initiator ratios up to 500. All the polymers produced have narrow PDIs and numberaverage molecular masses (M n ) values close to the theoretical ones (calculated on the assumption that each silylamide or carbyl group initiates the polymerization). An important goal of this work was to study the asymmetric incorporation of rac-LA into the polymer backbone. For this purpose, we analyzed the PLA microstructures through inspection of the methine region of homonuclear decoupled 1 H NMR spectra. These analyses revealed that complexes 23, 27-33 exert at room temperature a significant influence on the tacticity of the polymer formed, as the microstructure is moderately to highly heterotactic depending on the ligand architecture, the metal center, and the operating conditions.
Effect of the solvent on stereoselectivity
We first studied the influence of the solvent on stereochemistry with these systems. Indeed, polymerizations in THF were always found to be much more selective than those in toluene (65 % for toluene vs. 80 % for THF). In a recent paper, Rzepa and coworkers proposed by computational analysis that ROP of rac-LA initiated by a single-site β-diketiminate magnesium complex [HC{CMeN-2,6-i Pr 2 C 6 H 3 } 2 ]Mg(OMe)(THF) proceeds via two major transition states (TS1, TS2), with the highest-energy transition state dictating the stereochemistry of monomer insertion to give highly heterotactic PLAs [32] . The results suggested that the solvent plays a key role, serving to entropically balance the system. The authors claimed that this finding is applicable to other coordinative initiator systems. This prediction is in agreement with our observations, owing to the high heteroselectivity displayed by amino-bis(phenolate) yttrium initiators 23-25, 29, 32, and 33 in THF, whereas in toluene propagating species generate nearly atactic materials.
Role of the ligand and the metal center on stereoselectivity
To examine the influence of the amino-bis(phenolate) ligand substituents on the microstructures of the produced PLAs, we studied in detail the rac-LA polymerization ability of complexes 23-33 having a series of substituents at the R 1 and R 2 positions. The factors investigated include steric and possible electronic effects derived from the substituents on the aromatic rings, as well as on the pendant side arm (Fig. 9) . We chose bulky group as the ortho-phenolate substituent R 1 in order to favor mononuclear complex formation and limit chain aggregation during polymerization reactions [33] . Inspired by the work of Busico [34] and Fujita [35] , who demonstrated the strong influence of ligand substituent on the olefin polymerization activity and stereoselectivity governed by chain-end control mechanism, we prepared complexes with ortho-adamantyl 29, 30, 32, and ortho-cumyl groups 33. Complex 23, which bears ortho-methyl groups at the phenolate rings (Fig. 9) , gave low selectivity for heterotactic PLA, probably due to the higher tendency to form aggregated species (Table 2, entry 1) [25b]. This lack of tacticity is also consistent with previous observations that bulky ligands are required for stereochemical control in the polymerization of rac-LA via a chain-end control mechanism [31, 36] . In such a reaction, the presence of bulky ligands increase the influence of the stereogenic center of the last inserted monomer, which controls the stereochemistry of propagation [31, 32] . Influence of the side arm is illustrated with complex 28 (X = NMe 2 ) which was found to be as reactive as complex 24 (X = OMe) in the polymerization of LA, but significantly less stereoselective (P r = 0.80 for 24, entry 2; P r = 0.60 for 28, entry 8). Because of the uncertainty in the definition of 28, we cannot conclude if this decrease in stereoselectivity reflects a direct influence of the pending X functionality, or competition between different initiating species. However, we recently evidenced the side arm influence by substituting the CH 3 OCH 2 CH 2 N group in complex 24 with a CH 3 N group (24bis). Complex 24bis was successfully isolated and characterized prior to polymerization tests. Such a modification results in a decrease of the polymerization control (PDI = 1.60) and stereoselectivity (P r = 0.71) (Scheme 4). This influence may be due to the vacant coordination site, which could lead to additional solvent ligation and consequently affect the catalyst stability and the polymer tacticity.
Polymerization of rac-LA in the presence of isopropanol
We decided to investigate the effect of the initiating group by synthesizing group 3 alkoxide initiators for several reasons. First, it is well known that metal alkoxides are very efficient for the controlled ROP of rac-LA [3] , because of the better nucleophilicity of alkoxide compared to amido or carbyl group [-N(SiMe 3 ) 2 , -N(SiHMe 2 ) 2 , and -CH 2 SiMe 3 ]. Then, as the isopropoxide initiating group mimics the propagating groups of the presumed active species, it appeared to us interesting to characterize this complex in order to observe possible interactions between the cumyl group and the initiating isopropoxide, which can be related to electronic interactions during the polymerization process [38] . Alkoxide initiators for LA polymerization can be in situ generated by alcoholysis of amido and carbyl complexes using isopropanol. Recently, it was proposed by Okuda that such group 3 metal isopropoxides are aggregated, at least to dimers [20] . To establish the nature of the active initiating species in the polymerization of rac-LA, the reactions of Y complexes 24 and 33 with isopropanol were monitored by NMR spectroscopy. These reactions and NMR studies were carried out in two different solvents [27b] . Benzene, a noncoordinating solvent, was used to investigate the influence of the ligand array on the nuclearity of the species; similar studies were performed in THF-d 8 , which is the solvent used in polymerization. In the reaction of 33 with 1 equiv of isopropanol in THF-d 8 The 1 H NMR spectrum of 34 in THF-d 8 remains unchanged after several days at room temperature and shows C s -symmetry features (on the NMR time scale) down to −20 °C. Key 1 H NMR data for 34 include one set of resonances for two equivalent phenolate rings bound to the metal center in a trans configuration and a single OiPr ligand, the methine hydrogen of the isopropoxide group appears as a multiplet at δ 4.22, which is shifted downfield with respect to the signal of free isopropanol (δ 3.67) (Fig. 11) .
Moreover, the 13 C{ 1 H} NMR spectrum of 34 in THF-d 8 contains one signal for two equivalent NCH 2 Ar groups, and two signals for the OCH(CH 3 ) 2 ligand. Essentially, the same 1 H NMR characteristics were observed for the reaction product of 33 with 1 equiv of isopropanol in benzene-d 6 , indicative of the formation of the same complex 34. Only trace amounts (<5 %) of a second species were observed in this reaction; the unsymmetrical pattern of 1 H NMR resonances suggests it is a dimeric or an aggregated species. The 1 H resonances for the coordinated THF molecule (δ 3.44 and 1.44) of 34 in benzene-d 6 are clearly shifted from those observed for the free solvent (δ 3.57 and 1.40 in benzene-d 6 ). Complex 34 loses its THF ligand upon drying in vacuum to give also an unsymmetrical complex, as indicated by 1 H NMR spectroscopy in benzene-d 6 [8] . The methine hydrogen of the isopropoxide group appears as a multiplet at δ 4.66, which is shifted downfield with respect to the signal of free isopropanol (δ 3.67). This signal is broadened and further shifted to δ 4.22 and 4.05 upon addition of 2 and 3 equiv of isopropanol to 33, respectively, indicative of an exchange process between the isopropoxide ligand in 34 and free isopropanol [20] . The 1 H NMR spectrum of the reaction product of 24 with 1 equiv of isopropanol in THF-d 8 contains also only one set of resonances, consistent with the presence of a sin-gle symmetrical isopropoxide species, as observed in the case of 33. In contrast, carrying out the reaction in benzene-d 6 resulted in complicated 1 H NMR spectra, indicative of the formation of mixtures of species that could not be identified. Nuclear Overhauser enhancement spectroscopy (NOESY) experiments demonstrate the spatial proximity between hydrogens of the cumyl ring and the CH of the isopropoxide group. These observations are of great importance when considering C-H•••π interactions, which can occur only when the π-system is close enough to the C-H unit (d < 4 Å) [32, 39] . Further investigations are in progress to clearly demonstrate the existence of this type of stabilizing interactions. These NMR data show that both isopropoxide complexes in situ generated from the reaction of isopropanol with 24 and 33 are essentially single, monomeric species in THF, which is the solvent used for ROP of LA. It seems, therefore, that the different catalytic behavior of the systems 24/iPrOH and 33/iPrOH (complex 34) do not originate from difference in the nuclearity of the active species. These results further confirm that subtle steric and possibly electronic features induced by substituents in the phenolate ligands significantly affect the activity and degree of stereocontrol of the polymerization.
In an attempt to facilitate initiation and further improve on polymerization performances, we sought to evaluate these in situ generated alkoxide complexes (Table 3 ). In agreement with Okuda's observations, addition of isopropanol to the polymerization reaction affected the activity of complexes 24 and 33 and resulted in narrower molecular weight distributions (PDI = 1.06-1.24). In line with previous comments, changing the initiating group from amido (entries 2 and 14, Table 3 ) to isopropoxide (entries 1 and 4, Table 3 ) results in no change in heterotacticity (P r = 0.80 for 24 and 24/iPrOH; P r = 0.90 for 33 and 33/iPrOH). The yttrium alkoxide generated by reacting 24 with isopropanol in 1:1 ratio can polymerize 1000 equiv within 40 min at 20 °C (TOF = 1500 h -1 ; entry 2, Table 3 ). In contrast, the system 33/iPrOH is less active as compared to 24/iPrOH; by using this system, the conversion of 1000 equiv of monomer is quantitative within 6 h (entry 5, Table 3 ). We assume that this decrease in activity is due to the presence of a more sterically demanding ligand, which is also believed to account for the better selectivity observed during the polymerization (P r = 0.90). Moreover, the system 33/iPrOH leads to significantly higher M n values than 24/iPrOH, with experimental M n data in close agreement with the calculated ones. To the best of our knowledge, this is the first example of a fast, room-temperature living LA polymerization that produces high-molecular-weight heterotactic PLA (M n = 160 000 g/mol) with narrow PDI (M w /M n = 1.13). Remarkably, with an excess of isopropanol, both compounds 24 and 33 behave in "immortal character" leading to polymers with narrow molecular weight distributions, and with a M n proportional to the number of added isopropanol [27b,40] . In fact, the alkoxide group in the L n MOR complex is labile to alcohol exchange. Therefore, a rapid exchange occurs between the metal alkoxide and isopropanol, and because the growing species of LA polymerization is an alkoxide, alcohol behaves as a reversible chain transfer agent (Scheme 7). The reaction is initiated by complex 34, and upon the formation of the alkoxide growing species, a reversible exchange with alcohol takes place. This reversible reaction is rapid enough compared to the polymer growth, and all alcohol molecules present in the system can act as growing species. This behavior was first reported by Inoue for the epoxide polymerization catalyzed by porphyrin aluminum alkoxide initiators [41] . The authors observed, with an excess of methanol, the formation of a polymer with a number of polymer molecules coinciding with the sum of the number of the molecules of the initiator and that of methanol.
In our case, increasing the isopropanol amount significantly affects neither the polymerization rate nor the selectivity. The excess of free alcohol yields polymer chains with reduced molecular weights and narrow PDIs (Table 3 , entries 6-9) [20] . Preliminary results have shown that as much as 9-fold excess of isopropanol can be added, resulting in a low mean weight diameter (MWD) PLA with a M n of only 1/10 of that with 1 equiv of isopropanol (Table 3, change reaction was previously reported for the polymerization of ε-caprolactone [42], there is no reported example of immortal ROP of high ratios of rac-LA with a small amount of initiator, leading to the formation of highly heterotactic PLA. Finally, end-group analysis of PLA oligomers by 1 H NMR and by MALDI/TOF/MS prepared in the presence of 1 or more equiv of iPrOH showed that the polymer chains were systematically end-capped with an isopropyl ester and a hydroxy group; no cyclic oligomer was detectable.
CONCLUSION
Amino-alkoxy-bis(phenolate) group 3 metal complexes are efficient initiators in the ROP of rac-LA to form PLAs with a predominantly heterotactic placement of repeat units. The polymerization of rac-LA with these achiral complexes occurs via a chain-end control mechanism. Despite recent significant advances in ROP of LA, the number of selective and productive initiators remains modest. The most notable feature of the initiators described in this study is to exhibit high polymerization activity and productivity combined in some cases with high selectivity for heterotactic polymer formation. The steric bulk of the substituents on the aromatic rings, and particularly the ortho-phenolate substituents, plays a crucial role in achieving high heteroselectivity for the chain-end controlled polymerization of rac-LA. Future work will explore the mechanism and modification of the current system to develop new initiators that exhibit higher stereochemical control during the polymerization reaction. Efforts are also paid to expand on the range of monomers for the preparation of microstructurally controlled materials, as we recently achieved in the polymerization of β-butyrolactone into highly syndiotactic poly(3-hydroxybutyrate) [43] and of 2,5-morpholinediones to generate polydepsipeptides [44] .
